Introduction {#acn3332-sec-0005}
============

Friedreich ataxia (FRDA), the most common inherited ataxia, is an autosomal‐recessive disorder characterized by ataxia, cardiomyopathy, scoliosis, diabetes, and loss of visual and sensorineural hearing function.[1](#acn3332-bib-0001){ref-type="ref"}, [2](#acn3332-bib-0002){ref-type="ref"} Patients typically develop difficulty in walking, loss of coordination, and dysarthria, reflecting a loss of large dorsal root ganglion cells, the dorsal spinocerebellar tract, the dentate nucleus, and other nuclei.[3](#acn3332-bib-0003){ref-type="ref"} In 96% of individuals, FRDA is caused by homozygous expanded guanine--adenine--adenine (GAA) repeats in the *FXN* gene. The remaining 4% carry an expanded repeat on one allele and a point mutation or deletion on the other.[4](#acn3332-bib-0004){ref-type="ref"} All FXN mutations lead to decreased levels of the mitochondrial protein frataxin.[4](#acn3332-bib-0004){ref-type="ref"} Reduced frataxin levels impair the function of mitochondrial iron--sulfur cluster‐containing enzymes and ATP production capability.[5](#acn3332-bib-0005){ref-type="ref"}, [6](#acn3332-bib-0006){ref-type="ref"}, [7](#acn3332-bib-0007){ref-type="ref"}

While no therapy is currently approved for FRDA, many agents are in development at the clinical and preclinical levels.[8](#acn3332-bib-0008){ref-type="ref"} Their advance has been limited by the paucity of quantitative longitudinal data for powering clinical studies, and several drugs have failed from inadequate clinical trial design. Outcome measures developed for tracking change generally are classified into two groups. The first group consists of quantified variants of the neurological exam; the best characterized are the Friedreich Ataxia Rating Scale (FARS) and the Scale for Assessment and Rating of Ataxia (SARA).[9](#acn3332-bib-0009){ref-type="ref"}, [10](#acn3332-bib-0010){ref-type="ref"}, [11](#acn3332-bib-0011){ref-type="ref"}, [12](#acn3332-bib-0012){ref-type="ref"} Measures in the second group are based on simple quantifiable functional tests with designated performance measures.[13](#acn3332-bib-0013){ref-type="ref"} These measures are highly quantitative, reproducible between observers, and readily merged into composite measures of dysfunction. Previously, studies evaluating these measures have relied on data from cross‐sectional or brief longitudinal analysis. In this study, we evaluated the utility of the FARS exam, performance measures, ataxia scales, questionnaires, and modifications of these measures in a large heterogeneous cohort of subjects with FRDA, and we identified the predictors of progression rate.

Subjects and Methods {#acn3332-sec-0006}
====================

Subjects recruited into the Friedreich Ataxia Clinical Outcome Measure Study were followed longitudinally at 12 sites: the Children\'s Hospital of Philadelphia/University of Pennsylvania, University of California Los Angeles, Emory University, University of South Florida, University of Florida, University of Mississippi, University of Minnesota, University of Iowa, University of Chicago, University of Rochester, the Hospital for Sick Children, and Murdoch Childrens Research Institute. Recruitment is ongoing for an expected 15‐year duration, such that not all subjects have reached year‐five. Interim analyses of this cohort have been reported.[12](#acn3332-bib-0012){ref-type="ref"}, [13](#acn3332-bib-0013){ref-type="ref"}, [14](#acn3332-bib-0014){ref-type="ref"}, [15](#acn3332-bib-0015){ref-type="ref"}

The following tests were performed at each visit: FARS: an exam‐based rating scale with five components: bulbar, upper limb, lower limb, peripheral nervous system, and upright stability.[9](#acn3332-bib-0009){ref-type="ref"}Modified FARS: FARS subscales involving direct patient participation (bulbar, upper limb, lower limb, and upright stability).Ataxia Staging: a general disability scale.[9](#acn3332-bib-0009){ref-type="ref"}Timed 25‐Foot Walk (T25FW): scored as the reciprocal.[12](#acn3332-bib-0012){ref-type="ref"}9‐Hole Peg Test (9HPT): scored as the reciprocal.[12](#acn3332-bib-0012){ref-type="ref"}Contrast Letter Acuity: the sum of the number of letters read on each of three Sloan charts.[13](#acn3332-bib-0013){ref-type="ref"}, [16](#acn3332-bib-0016){ref-type="ref"}Activities of Daily Living (ADL): a patient‐reported survey.[9](#acn3332-bib-0009){ref-type="ref"}

The performance measures were also transformed into *Z*‐scores and used to create composite scores using previously reported methods.[12](#acn3332-bib-0012){ref-type="ref"} The *Z* ~2~ composite is the sum of the *Z*‐scores from T25FW and 9HPT. The *Z* ~3~ composite is the sum of *Z*‐scores from T25FW, 9HPT, and overall vision tests.

Cross‐sectional and longitudinal data were analyzed using SAS and STATA 11.2 (StataCorp LP, College Station, TX). A threshold of *P* = 0.01 was used for significance to account for multiple comparisons. Correlations were considered strong, moderate, and weak when the correlation coefficient was \>0.60, 0.40--0.60, and \<0.40, respectively. Cross‐sectional data were analyzed using each subject\'s most recent visit, to provide the current features of the cohort. Pearson and Spearman rank correlations were used to compare performance measures. Linear regressions were performed to identify predictors of outcome measures using FARS, disease duration, ataxia staging, and ADL score as independent variables.

We examined neurological measures and their predictors at baseline and over the evolution of the cohort with linear regression models using assessment age, sex, GAA repeat lengths, and baseline FARS score as independent variables. We also assessed the same tests in those individuals who had returned by year‐five to ascertain the features of change in a specific group of individuals, and to define the bias that might occur in longitudinal assessment. Coefficient of variation in FARS scores and performance measures was assessed using the standard deviation of change divided by the mean change.

In both cross‐sectional and longitudinal analysis, descriptive and regression statistics were generated for the overall cohort and for three cohort subgroups defined by age at baseline (\<16, 16--40, and \>40). Patients with a single expanded GAA allele in combination with a point mutation were excluded from analyses utilizing the GAA repeat length but included in other analyses. For purposes of clarity, this study uses "GAA1" for the repeat length on the shorter allele, and "GAA2" for the longer allele.

Results {#acn3332-sec-0007}
=======

Overall cohort features {#acn3332-sec-0008}
-----------------------

This cohort captures a diverse population of individuals with FRDA. At their most recent study visit, 812 subjects (50% female, 92% White non‐Hispanic) had a mean assessment age of 30.1 ± 15.3 years (mean baseline age was 26.1 years). Mean length of GAA1 was 636.3 ± 241.0, and mean age of onset was 13.7 ± 9.9 years. Thirty‐three subjects (4%) carried a single GAA expansion and a point mutation; all other subjects were homozygous for GAA expansions. The cohort was moderately affected at their most recent visit: the median individual completed the 9HPT in 67 sec, demonstrated a visual acuity of 20/20, and could not walk 25 feet. For disease‐related reasons, 55% of subjects could not perform the T25FW, and 17% could not complete the 9HPT in \<300 sec (Table [1](#acn3332-tbl-0001){ref-type="table-wrap"}; Table S3). Nonambulatory subjects were older, carried longer GAA repeats, had worse performance outcomes, and were more likely to have scoliosis, diabetes, and cardiomyopathy (Table S1).

###### 

Cross‐sectional features and performance scores from most recent visit

  Feature/measure         Median     Interquartile range   Mean ± SD         Skewness
  ----------------------- ---------- --------------------- ----------------- ----------
  GAA1                    675        500--800              636.3 ± 241.0     −0.41
  GAA2                    906        788--1025             898.7 ± 222.9     −0.44
  Assessment age          26.4       18.0--39.1            30.1 ± 15.3       0.87
  Age of onset            11         7--16                 13.7 ± 9.9        1.89
  Disease duration        14         8--21                 16.3 ± 10.7       1.19
  Ataxia staging (0--6)   4.5        3--5                  4.0 ± 1.3         −0.73
  ADL (0--36)             16         11.5--21.5            16.3 ± 7.3        0.07
  FARS (0--117)           68         53.67--86.25          69.3 ± 21.7       0.01
  9HPT (sec)              67.6       48.0--142.0           --                1.52
  9HPT^−1^                0.0151     0.0075--0.0212        0.0147 ± 0.0101   0.41
  T25FW (sec)             Infinity   8.8--Infinity         --                −0.189
  T25FW^−1^               0          0--0.114              0.055 ± 0.072     1.01
  Vision (total score)    116        78--135               104.6 ± 39.0      −0.74
  100% acuity score       60         53--65                56.8 ± 12.8       −2.43
  2.5% acuity score       34         19--41                28.8 ± 15.8       −0.70
  1.25% acuity score      21         4--30                 19.1 ± 13.8       −0.12
  *Z* ~2~                 −0.250     −0.801 to 0.58        −0.079 ± 0.87     0.55
  *Z* ~3~                 −0.022     −0.76 to 0.57         −0.068 ± 0.85     −0.02

Age of onset is 6.25 years earlier with every 100 GAA1 repeats. Subjects scored infinity on T25FW if they could not complete in \<300 sec, or if unable to for reasons related to disease. GAA, guanine‐adenine‐adenine; ADL, Activities of Daily Living score; FARS, Friedreich\'s Ataxia Rating Scale; 9HPT^−1^, reciprocal of 9‐hole pegboard test; T25FW^−1^, reciprocal of timed 25‐foot walk; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.

John Wiley & Sons, Ltd

Cross‐sectional analysis {#acn3332-sec-0009}
------------------------

Measures of disease progression -- disease duration, ataxia staging, ADL score, and FARS score -- correlated with multiple dimensions of dysfunction including visual acuity, 9HPT, T25FW, and associated *Z*‐score composites (Table [2](#acn3332-tbl-0002){ref-type="table-wrap"}). Duration, staging, and ADL also correlated with FARS score. Most of these comparisons yielded strong correlations (correlation coefficients \>0.75); the exceptions were comparisons involving vision or disease duration. Age and GAA1 also correlated with performance measures, but the relationships were less than moderate (absolute values of coefficients \<0.40; data not shown). Individual performance measures correlated moderately with each other, and measures of progression correlated moderately or strongly with FARS subscales (data not shown).

###### 

Correlations of FARS and performance scores with measures of progression

  Measure                Disease duration   Stage   ADL     FARS
  ---------------------- ------------------ ------- ------- -------
  FARS                   0.59               0.84    0.84    --
  Performance measures                                      
  Vision                 −0.41              −0.57   −0.66   −0.68
  9HPT^−1^               −0.52              −0.76   −0.79   −0.85
  T25FW^−1^              −0.55              −0.88   −0.72   −0.75
  Composite measures                                        
  *Z* ~2~                −0.60              −0.90   −0.83   −0.88
  *Z* ~3~                −0.58              −0.85   −0.84   −0.88

FARS scores and performance measures were analyzed by Pearson correlations coefficients. For all correlations, *P* \< 0.0001. FARS scores increase by 1.2 points with each additional year of disease duration; and by 14.4 points with increase of 1.0 to ataxia stage. With each additional point increase in total FARS, ADL score increases by 0.28. Using single linear regression of ADL with outcome measures as independent variables, slope coefficients showed worsening of ADL scores with worsening performance (−0.12 for vision, −577.7 for 9HPT^−1^, −72.7 for T25FW^−1^, −7.1 for *Z* ~2~, and −7.2 for *Z* ~3~). Significant correlations were also detected when each performance measure was analyzed with age and with GAA1, but absolute values of correlation coefficients were \<0.40. Pearson correlations between individual performance measures were also significant (*P* \< 0.0001) but far less than unity (9HPT^−1^ vs. T25FW^−1^: *R* = 0.66; vision vs. T25FW^−1^: *R* = 0.51; vision vs. 9HPT^−1^: *R* = 0.67). FARS, Friedreich\'s Ataxia Rating Scale; ADL, Activities of Daily Living score; 9HPT^−1^, reciprocal of 9‐hole pegboard test; T25FW^−1^, reciprocal of timed 25‐foot walk; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score; GAA, guanine--adenine--adenine.
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We also examined how well basic features of the cohort (age, GAA1, sex, testing site) predicted cross‐sectional FARS, performance, and composite scores in a multivariate linear regression model. Age and GAA1 predicted all of the outcome measures, including vision and *Z*‐score composites (Table [3](#acn3332-tbl-0003){ref-type="table-wrap"}). Surprisingly, sex predicted performance on 9HPT and showed marginal trends with both *Z*‐score composites with female subjects outperforming male counterparts, while testing site predicted several performance measures including FARS, Modified FARS, vision, and T25FW. When testing site was replaced with site‐specific average travel distance, travel distance did not predict outcomes (data not shown). Replacing testing site with time of visit similarly did not alter the strength of the models, and the only influence detected was a decreased vision score in early afternoon visits (data not shown). Adding race/ethnicity to the models as a binary variable (White/non‐White) had no effect on models (data not shown). The largest contributors to the regression were age and GAA1; for each measure, removal of age or GAA1 from the model caused a large drop in the value of *R* ^2^, whereas the value decreased only mildly with the removal of sex or testing site from the model. *Z*‐score composite measures had substantially higher *R* ^2^ values than did single performance measures (vision, 9HPT, T25FW), consistent with capturing a wider range of neurologic dysfunction. Regression models for FARS and Modified FARS scores were the most robust, while the regression model for vision was the least.

###### 

Multivariate linear regression analysis of cross‐sectional age, GAA repeat length, sex, and testing site in predicting performance measure and composite scores

  -----------------------------------------------------------------------------------------
  Measure         Overall          Age              GAA1             Sex     Testing site
  --------------- ---------------- ---------------- ---------------- ------- --------------
  FARS            0.00005\         4.41 × 10^−52^   4.33 × 10^−69^   0.341   0.00005
                  *R* ^2^ = 0.41                                             

  Modified FARS   0.00005\         8.89 × 10^−51^   1.26 × 10^−66^   0.285   0.00005
                  *R* ^2^ = 0.40                                             

  Vision          0.00005\         4.99 × 10^−23^   7.35 × 10^−34^   0.150   0.0007
                  *R* ^2^ = 0.26                                             

  9HPT^−1^        0.00005\         3.41 × 10^−41^   6.71 × 10^−46^   0.002   0.030
                  *R* ^2^ = 0.31                                             

  T25FW^−1^       0.00005\         9.93 × 10^−47^   1.68 × 10^−30^   0.214   0.00005
                  *R* ^2^ = 0.32                                             

  *Z* ~2~         0.00005\         7.18 × 10^−52^   7.97 × 10^−45^   0.024   0.055
                  *R* ^2^ = 0.36                                             

  *Z* ~3~         0.00005\         4.56 × 10^−46^   7.59 × 10^−47^   0.093   0.043
                  *R* ^2^ = 0.37                                             
  -----------------------------------------------------------------------------------------

Table shows *P*‐values for each variable, along with each model\'s overall *P*‐value and *R* ^2^. When overall *P* \< 0.0001, the actual *P*‐value is rounded up to 0.00005. Adding race showed no effect on the regressions (data not shown). Replacing the site variable, site‐specific mean distance of travel for subjects did not predict any outcomes and did not improve the overall strength of the models (data not shown). Replacing the site variable with time of visit showed no effect on outcomes except for vision, where early afternoon visits predicted a decrease in vision score (data not shown). GAA, guanine--adenine--adenine; FARS, Friedreich\'s Ataxia Rating Scale; 9HPT^−1^, reciprocal of 9‐hole pegboard test; T25FW^−1^, reciprocal of timed 25‐foot walk; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.
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Finally, we modeled progression by testing the responsiveness of performance outcomes to disease duration in different strata defined by age at baseline or by genetic severity (GAA1) (Table [4](#acn3332-tbl-0004){ref-type="table-wrap"}). Results were similar across measures. Using FARS scores and *Z*‐score composites, worsening with disease duration was the least pronounced in older subjects (baseline age \>40 years) and most pronounced in younger subjects (baseline age \<16 years). Similarly, greater worsening over disease duration occurred in subjects with shorter GAA1 repeats (\<250), while less worsening occurred in subjects with longer GAA1 repeats (\>750).

###### 

Linear regression of FARS and composite *Z*‐scores with disease duration, stratified by GAA1 repeat length, and age at baseline

  Strata      FARS          *Z* ~2~   *Z* ~3~                                  
  ----------- ------------- --------- ---------------- ------ ---------------- ------
  GAA1                                                                         
  751--1500   1.45 ± 0.09   0.50      −0.059 ± 0.004   0.49   −0.061 ± 0.005   0.47
  501--750    1.35 ± 0.09   0.44      −0.055 ± 0.004   0.41   −0.051 ± 0.004   0.37
  251--500    1.33 ± 0.10   0.59      −0.050 ± 0.004   0.53   −0.047 ± 0.004   0.56
  1--250      1.02 ± 0.19   0.31      −0.046 ± 0.007   0.40   −0.043 ± 0.007   0.43
  Age                                                                          
  \<16        2.49 ± 0.25   0.31      −0.143 ± 0.012   0.41   −0.130 ± 0.012   0.39
  16--40      1.99 ± 0.11   0.45      −0.076 ± 0.004   0.45   −0.081 ± 0.005   0.45
  \>40        1.33 ± 0.10   0.52      −0.043 ± 0.004   0.50   −0.041 ± 0.004   0.46

Univariate linear regression in stratified subgroups of the cohort. Slope coefficients (coeff) and standard errors (SE) are shown, along with the respective *R* ^2^ value for each relationship. For all regressions, *P* \< 0.001. Greater slope coefficients illustrate a greater mean response of performance to disease duration. For all measures, the absolute value of the slope was smallest in subjects with shorter GAA1 repeat lengths and subjects in the older age group. FARS, Friedreich\'s Ataxia Rating Scale; GAA, guanine‐adenine‐adenine; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.
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Serial analysis {#acn3332-sec-0010}
---------------

We compared cross‐sectional results from serial visits across 5 years from baseline. The total number of subjects declined from 812 patients at baseline to 234 at year‐five, reflecting the rolling enrollment since not all subjects are yet due for their fifth annual visit. A total of 80% of subjects completed at least one visit following baseline. When normalized for the number of subjects who have reached a given follow‐up year, the retention rate was 65% at year‐one and 52% at year‐five. The percentage of subjects with cardiomyopathy, diabetes, and scoliosis increased slightly over the 5‐year time period (Table [5](#acn3332-tbl-0005){ref-type="table-wrap"}). Baseline age, male/female ratio, and repeat length on GAA1 remained unchanged in the cohort over time, showing that no overt systematic changes occurred, minimizing the chance of selection bias.

###### 

Demographic features of the cohort over time

  Year   N                                           Age at BL (Mean ± SD)   Age of onset (Mean ± SD)   GAA1 (Mean ± SD)   Sex (%F)   CMP (%)   Sco (%)   DM (%)
  ------ ------------------------------------------- ----------------------- -------------------------- ------------------ ---------- --------- --------- --------
  0      820[a](#acn3332-note-0007){ref-type="fn"}   26.1 ± 15.0             13.7 ± 9.9                 635.2 ± 240.1      49.9       51.4      75.8      5.2
  1      597                                         25.1 ± 14.9             13.5 ± 9.7                 628.0 ± 240.0      49.4       57.3      79.6      5.2
  2      479                                         25.9 ± 14.9             13.8 ± 9.6                 617.9 ± 235.0      47.0       54.3      76.6      5.1
  3      405                                         25.4 ± 14.9             13.6 ± 9.4                 622.0 ± 235.5      47.9       58.2      77.9      7.1
  4      352                                         25.4 ± 15.0             13.7 ± 9.3                 606.5 ± 226.9      46.6       61.7      84.0      5.8
  5      290                                         25.5 ± 14.5             13.5 ± 9.1                 609.1 ± 222.8      49.0       58.5      80.7      7.5

Basic cohort features over the evolution of the cohort and when stratified by age at baseline (BL). The basic demographic features of the cohort changed little over time, suggesting that little selection occurred over the 5 years. Cardiomyopathy (CMP), scoliosis (Sco), and diabetes (DM) did increase in frequency over time. F, female; SD, standard deviation; GAA, guanine--adenine--adenine.

Includes individuals that exited the study.
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Change in neurological measures over time {#acn3332-sec-0011}
-----------------------------------------

Each neurological measure progressed over time in the full cohort (Table [6](#acn3332-tbl-0006){ref-type="table-wrap"}) as well as in the cohort of subjects with data at 5 years (Table [7](#acn3332-tbl-0007){ref-type="table-wrap"}). The overall cohort and the cohort of individuals with 5‐year data were similar for changes in each performance measure. While all of these changes signify disease progression, the cohort showed improved coefficients of variation over 5 years, in some cases falling by 75% to values of \<1 (Table [8](#acn3332-tbl-0008){ref-type="table-wrap"}).

###### 

Changes in neurological measures from baseline -- overall cohort

  Measure         Year 1           Year 2           Year 3           Year 4           Year 5
  --------------- ---------------- ---------------- ---------------- ---------------- ----------------
  FARS            2.11 ± 7.30      5.16 ± 8.32      7.31 ± 8.33      10.12 ± 10.01    11.79 ± 9.64
  Modified FARS   1.91 ± 6.34      4.24 ± 7.14      5.85 ± 7.27      8.22 ± 8.49      9.62 ± 8.30
  Vision          −1.38 ± 16.78    −1.08 ± 19.98    −6.75 ± 18.44    −8.50 ± 21.57    −10.97 ± 22.40
  9HPT^−1^        −0.001 ± 0.003   −0.002 ± 0.003   −0.003 ± 0.004   −0.004 ± 0.005   −0.005 ± 0.004
  T25FW^−1^       −0.01 ± 0.04     −0.02 ± 0.05     −0.03 ± 0.05     −0.05 ± 0.06     −0.06 ± 0.08
  *Z* ~2~         −0.23 ± 0.59     −0.50 ± 0.73     −0.75 ± 0.79     −1.06 ± 1.04     −1.38 ± 1.25
  *Z* ~3~         −0.22 ± 0.73     −0.48 ± 0.93     −0.60 ± 0.94     −0.84 ± 1.12     −1.15 ± 1.42
  ADL             0.43 ± 3.20      0.93 ± 3.69      1.74 ± 4.24      2.45 ± 3.59      2.79 ± 4.32
  Stage           0.22 ± 0.52      0.38 ± 0.65      0.57 ± 0.77      0.78 ± 0.90      0.93 ± 0.94

Table shows mean change in measures from baseline ± standard deviation in the overall cohort. Not all subjects had reached year‐five. Results for the year‐five cohort were similar to those found in the overall cohort. FARS, Friedreich\'s Ataxia Rating Scale; 9HPT^−1^, reciprocal of 9‐hole pegboard test; T25FW^−1^, reciprocal of timed 25‐foot walk; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score; ADL, Activities of Daily Living score.
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###### 

Changes in neurological measures from baseline -- 5‐year cohort

  Measure         Year 1           Year 2           Year 3           Year 4           Year 5
  --------------- ---------------- ---------------- ---------------- ---------------- ----------------
  FARS            2.37 ± 7.06      4.73 ± 7.53      7.22 ± 7.81      9.68 ± 9.31      11.79 ± 9.64
  Modified FARS   2.10 ± 6.23      4.19 ± 6.52      5.85 ± 6.97      7.80 ± 8.04      9.62 ± 8.30
  Vision          −0.73 ± 14.33    −1.35 ± 19.16    −6.17 ± 17.96    −9.92 ± 20.94    −10.97 ± 22.40
  9HPT^−1^        −0.001 ± 0.003   −0.002 ± 0.003   −0.003 ± 0.004   −0.004 ± 0.005   −0.005 ± 0.004
  T25FW^−1^       −0.01 ± 0.03     −0.02 ± 0.04     −0.03 ± 0.04     −0.04 ± 0.06     −0.06 ± 0.08
  *Z* ~2~         −0.21 ± 0.47     −0.52 ± 0.64     −0.78 ± 0.77     −1.02 ± 0.98     −1.38 ± 1.24
  *Z* ~3~         −0.21 ± 0.61     −0.49 ± 0.91     −0.64 ± 0.93     −0.76 ± 1.05     −1.15 ± 1.42
  ADL             0.39 ± 3.03      0.67 ± 3.02      1.18 ± 4.05      2.09 ± 3.16      2.79 ± 4.32
  Stage           0.18 ± 0.49      0.35 ± 0.64      0.55 ± 0.74      0.71 ± 0.88      0.93 ± 0.94

Table shows mean change in measures from baseline ± standard deviation in subjects who reached and completed their year‐five visits. Results were similar to those found in the overall cohort. FARS, Friedreich\'s Ataxia Rating Scale; 9HPT^−1^, reciprocal of 9‐hole pegboard test; T25FW^−1^, reciprocal of timed 25‐foot walk; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score; ADL, Activities of Daily Living score.
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###### 

Coefficients of variation of changes in neurological measures

  Measure         Year 1   Year 2   Year 3   Year 4   Year 5
  --------------- -------- -------- -------- -------- --------
  Total FARS      3.46     1.61     1.14     0.99     0.82
  Modified FARS   3.32     1.68     1.24     1.03     0.86
  *Z* ~2~         2.57     1.46     1.05     0.98     0.91
  *Z* ~3~         3.32     1.96     1.57     1.33     1.23

Coefficients of variation represent the sensitivity of each measure to change and is calculated as the ratio of standard deviation to mean change from baseline. FARS, Friedreich\'s Ataxia Rating Scale; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.
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Predictive models of neurological progression {#acn3332-sec-0012}
---------------------------------------------

Linear regression analysis was performed for FARS, Modified FARS, *Z* ~2~, and *Z* ~3~ scores using assessment age, sex, GAA1, and GAA2 as independent variables (Table [9](#acn3332-tbl-0009){ref-type="table-wrap"}). GAA2 did not predict progression. Age predicted change in all measures for each year from baseline, with younger subjects progressing more rapidly. The other variables generally did not predict progression, although GAA1 marginally predicted FARS scores and significantly predicted Modified FARS scores by year‐five. Sex also predicted performance in certain years, but this result was not consistent across measures and assessment years.

###### 

*P*‐values for linear regression analysis of changes in outcomes -- model 1

  --------------------------------------------------------------------------------------------------------------
  Measure         Variable         Year 1           Year 2           Year 3           Year 4           Year 5
  --------------- ---------------- ---------------- ---------------- ---------------- ---------------- ---------
  Total FARS      Age              0.0037           0.00005          0.0003           0.0002           0.00005

  Sex             0.613            0.408            0.533            0.998            0.418            

  GAA1            0.579            0.536            0.896            0.750            0.046            

  Overall         0.0189\          0.00005\         0.0007\          0.0002\          0.00005\         
                  *R* ^2^ = 0.03   *R* ^2^ = 0.08   *R* ^2^ = 0.07   *R* ^2^ = 0.09   *R* ^2^ = 0.11   

  Modified FARS   Age              0.0016           0.00005          0.00005          0.00005          0.00005

  Sex             0.504            0.279            0.533            0.663            0.283            

  GAA1            0.660            0.441            0.329            0.903            0.0065           

  Overall         0.0075\          0.00005\         0.00005\         0.00005\         0.00005\         
                  *R* ^2^ = 0.03   *R* ^2^ = 0.08   *R* ^2^ = 0.08   *R* ^2^ = 0.11   *R* ^2^ = 0.13   

  *Z* ~2~         Age              0.00005          0.00005          0.00005          0.00005          0.00005

  Sex             0.012            0.481            0.169            0.079            0.007            

  GAA1            0.751            0.674            0.005            0.940            0.152            

  Overall         0.00005\         0.00005\         0.00005\         0.00005\         0.00005\         
                  *R* ^2^ = 0.06   *R* ^2^ = 0.11   *R* ^2^ = 0.25   *R* ^2^ = 0.22   *R* ^2^ = 0.25   

  *Z* ~3~         Age              0.0021           0.00005          0.00005          0.00005          0.00005

  Sex             0.177            0.281            0.127            0.285            0.022            

  GAA1            0.316            0.697            0.012            0.591            0.163            

  Overall         0.0002\          0.00005\         0.00005\         0.00005\         0.00005\         
                  *R* ^2^ = 0.05   *R* ^2^ = 0.09   *R* ^2^ = 0.21   *R* ^2^ = 0.21   *R* ^2^ = 0.21   
  --------------------------------------------------------------------------------------------------------------

Model 1 includes assessment age, sex, GAA1, and GAA2 as independent variables. Table lists *P*‐values and overall *R* ^2^. GAA2 was not a significant predictor (data not shown). FARS, Friedreich\'s Ataxia Rating Scale; GAA, guanine‐adenine‐adenine; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.
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To illustrate the effect of age, we stratified the cohort into three age groups (Table [10](#acn3332-tbl-0010){ref-type="table-wrap"}; Table S2; Fig. [1](#acn3332-fig-0001){ref-type="fig"}). Younger subjects (baseline age \<16 years) progressed up to four times as fast as older subjects (baseline age \>40 years). The greatest differences were visible in the initial years after baseline. The rapid progression rate of younger subjects is reflected in each measure\'s coefficient of variation in the age‐stratified cohort (Table [11](#acn3332-tbl-0011){ref-type="table-wrap"}). Although in all measures, the coefficients fall below one at year‐three in younger subjects and at year‐four in middle‐age subjects (baseline age 16--40 years), coefficients for older subjects remain above one at year‐five.

###### 

Changes in measures from baseline in BL age‐stratified cohort

  Strata          Year 1         Year 2         Year 3         Year 4          Year 5
  --------------- -------------- -------------- -------------- --------------- ---------------
  FARS                                                                         
  BL age \<16     4.10 ± 7.84    8.19 ± 9.60    10.01 ± 8.37   14.06 ± 11.29   15.50 ± 10.02
  BL age 16--40   1.11 ± 6.73    4.56 ± 7.32    6.52 ± 8.36    9.40 ± 8.49     10.88 ± 8.62
  BL age \>40     0.47 ± 6.66    2.02 ± 7.09    4.52 ± 6.71    5.58 ± 8.96     7.26 ± 9.74
  Modified FARS                                                                
  BL age \<16     3.73 ± 7.20    6.62 ± 8.27    8.29 ± 7.52    11.45 ± 9.68    12.50 ± 8.55
  BL age 16--40   1.04 ± 5.31    3.83 ± 6.32    5.12 ± 6.96    7.92 ± 7.27     9.06 ± 7.55
  BL age \>40     0.31 ± 6.03    1.57 ± 6.05    3.33 ± 6.41    3.79 ± 6.98     5.66 ± 8.36
  *Z* ~2~                                                                      
  BL age \<16     −0.39 ± 0.78   −0.86 ± 1.04   −1.24 ± 0.87   −1.68 ± 1.20    −2.21 ± 1.39
  BL age 16--40   −0.18 ± 0.45   −0.40 ± 0.49   −0.62 ± 0.68   −0.96 ± 0.86    −1.10 ± 0.93
  BL age \>40     −0.07 ± 0.38   −0.23 ± 0.46   −0.27 ± 0.44   −0.30 ± 0.47    −0.45 ± 0.74
  *Z* ~3~                                                                      
  BL age \<16     −0.44 ± 0.89   −1.00 ± 1.20   −1.15 ± 1.03   −1.59 ± 1.28    −2.02 ± 1.57
  BL age 16--40   −0.10 ± 0.61   −0.28 ± 0.62   −0.42 ± 0.78   −0.64 ± 0.86    −0.79 ± 1.10
  BL age \>40     −0.07 ± 0.49   −0.16 ± 0.73   −0.08 ± 0.62   −0.06 ± 0.54    −0.19 ± 0.82

Table displays mean change from baseline scores ± standard deviation (SD) for cohort subgroups stratified by age at baseline. Using mean change over 5 years, age groups take the following number of years to transition from FARS = 25 (mildly symptomatic) to FARS = 75 (wheelchair‐bound): 4.8 years for younger subjects, 7.7 years for middle‐age subjects, and 12.6 years for older subjects. FARS, Friedreich\'s Ataxia Rating Scale; BL, baseline; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.
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![Change in neurological measures over time. Mean changes in performance scores from baseline were measured across 5 years using (A) Friedreich Ataxia Rating Scale (FARS) score, (B) Modified FARS score, (C) *Z* ~2~ composite score, and (D) *Z* ~3~ composite score (Table [9](#acn3332-tbl-0009){ref-type="table-wrap"}). Solid line represents the overall cohort; dotted, dashed, and long dashed lines represents subjects under the age of 16, subjects between ages 16 and 40, and subjects over the age of 40, respectively. Plots show mean changes in the overall cohort as well as in subgroups stratified by age at baseline (age \<16 years, age 16--40 years, age \>40 years). In all four outcome measures, younger subjects showed the greatest changes from year to year while older subjects showed the least. Error bars are not shown in graphs due to their size relative to the axes.](ACN3-3-684-g001){#acn3332-fig-0001}

###### 

Coefficients of variation in overall cohort and BL age‐stratified cohorts

  Strata          Year 1   Year 2   Year 3   Year 4   Year 5
  --------------- -------- -------- -------- -------- --------
  FARS                                                
  Overall         3.46     1.61     1.14     0.99     0.82
  BL age \<16     1.91     1.17     0.84     0.80     0.65
  BL age 16--40   6.06     1.61     1.28     0.90     0.79
  BL age \>40     14.17    3.51     1.48     1.61     1.34
  Modified FARS                                       
  Overall         3.32     1.68     1.24     1.03     0.86
  BL age \<16     1.93     1.25     0.91     0.85     0.68
  BL age 16--40   5.11     1.65     1.36     0.92     0.83
  BL age \>40     19.45    3.85     1.92     1.84     1.48
  *Z* ~2~                                             
  Overall         2.57     1.46     1.05     0.98     0.91
  BL age \<16     2.00     1.21     0.70     0.71     0.63
  BL age 16--40   2.50     1.23     1.10     0.90     0.85
  BL age \>40     5.43     2.00     1.63     1.57     1.64
  *Z* ~3~                                             
  Overall         3.32     1.96     1.57     1.33     1.23
  BL age \<16     2.02     1.20     0.90     0.81     0.78
  BL age 16--40   6.10     2.21     1.86     1.34     1.39
  BL age \>40     7.00     4.56     7.75     9.00     4.32

Coefficients of variation represent the sensitivity of each measure to change and is calculated as the ratio of standard deviation to mean change from baseline. BL, baseline; FARS, Friedreich\'s Ataxia Rating Scale; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.
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Predictive models that account for baseline FARS performance {#acn3332-sec-0013}
------------------------------------------------------------

In the stratified cohort, we observed that the rate of change in FARS scores decreased over time, suggesting that the measured speed of progression depended on FARS‐measured disease stage. Thus, we examined progression as a function of assessment age, sex, the repeat lengths of GAA1 and GAA2, and baseline FARS score (Table [12](#acn3332-tbl-0012){ref-type="table-wrap"}). The baseline FARS score was the most significant predictor of progression in FARS and Modified FARS measures (*P* = 0.0003 at year‐four; in all other years, *P* \< 0.0001). The repeat length of GAA1 showed a marginal trend with FARS‐based measures for most years and became a significant predictor of change in FARS in year‐three, consistent with the effects noted in cross‐sectional analysis. In these models, age was still the most significant predictor of *Z*‐score composites. Although baseline FARS score became significant in later years for the composite measures, GAA1 repeat length did not predict composite scores when models accounted for FARS performance at baseline.

###### 

*P*‐values for linear regression analysis of changes in outcomes -- model 2

  -------------------------------------------------------------------------------------------------------------
  Measure         Variable         Year 1           Year 2           Year 3           Year 4           Year 5
  --------------- ---------------- ---------------- ---------------- ---------------- ---------------- --------
  Total FARS      Age              0.704            0.197            0.775            0.550            0.560

  GAA1            0.0182           0.019            0.004            0.011            0.067            

  BL FARS         0.00005          0.00005          0.00005          0.0003           0.00005          

  Overall         0.00005\         0.00005\         0.00005\         0.00005\         0.00005\         
                  *R* ^2^ = 0.08   *R* ^2^ = 0.13   *R* ^2^ = 0.14   *R* ^2^ = 0.14   *R* ^2^ = 0.24   

  Modified FARS   Age              0.996            0.184            0.381            0.278            0.334

  GAA1            0.023            0.052            0.043            0.026            0.193            

  BL FARS         0.00005          0.00005          0.00005          0.0003           0.00005          

  Overall         0.00005\         0.00005\         0.00005\         0.00005\         0.00005\         
                  *R* ^2^ = 0.07   *R* ^2^ = 0.11   *R* ^2^ = 0.14   *R* ^2^ = 0.16   *R* ^2^ = 0.26   

  *Z* ~2~         Age              0.002            0.0002           0.00005          0.00005          0.0003

  GAA1            0.810            0.620            0.513            0.119            0.549            

  BL FARS         0.969            0.253            0.006            0.013            0.006            

  Overall         0.00005\         0.00005\         0.00005\         0.00005\         0.00005\         
                  *R* ^2^ = 0.07   *R* ^2^ = 0.12   *R* ^2^ = 0.27   *R* ^2^ = 0.24   *R* ^2^ = 0.27   

  *Z* ~3~         Age              0.016            0.014            0.00005          0.003            0.002

  GAA1            0.852            0.349            0.720            0.320            0.600            

  BL FARS         0.350            0.048            0.003            0.011            0.004            

  Overall         0.003\           0.00005\         0.00005\         0.00005\         0.00005\         
                  *R* ^2^ = 0.05   *R* ^2^ = 0.11   *R* ^2^ = 0.24   *R* ^2^ = 0.23   *R* ^2^ = 0.25   
  -------------------------------------------------------------------------------------------------------------

Model 2 includes assessment age, sex, GAA1, GAA2, and baseline FARS score as independent variables. Table lists *P*‐values and overall *R* ^2^. GAA2 was not a significant predictor (data not shown). Sex only predicted change in *Z* ~2~ scores at year‐one (data not shown). FARS, Friedreich\'s Ataxia Rating Scale; GAA, guanine‐adenine‐adenine; BL, baseline; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.
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Discussion {#acn3332-sec-0014}
==========

This study defines the factors predicting neurologic change in a large, diverse FRDA cohort. In both cross‐sectional and longitudinal analysis of FARS scores and performance measures, younger age predicts faster progression. In cross‐sectional analysis, a larger GAA repeat on the shorter allele predicts greater dysfunction, while in longitudinal studies, such effects are not noted on FARS scores until effects of baseline FARS exam score are removed. Such analyses unify the concept of GAA repeat length as a determinant of neurological progression, particularly using exam‐based measures. As it is difficult to fully separate the confounding effects of subject age and GAA repeat length, our data are most useful when viewed from the perspective of GAA1 being the most important biological variable modulating progression, and subject age being the most readily identified practical variable affecting speed changes. Such guidelines can be used as practical criteria for stratification of clinical trials.

Another straightforward result is the identification of the coefficient of variation of measures over time. The coefficient continually decreased over 5 years, implying that sample sizes for clinical trials will decrease with longer duration studies (as expected). The most dramatic change was noted between 1‐ and 2‐year durations, perhaps reflecting the relative size of day‐to‐day variability noted in shorter studies, and the possibility of practice effects being more consistent with longer duration. This matches the calculation of required sample sizes for observing a 50% slowing of progression. The required sample size drops significantly between 1‐ and 2‐year assessment durations, with more than a 45% decrease in sample size requirement for most outcome measures. This decrease is also observed in all three cohort age groups: 62% decrease in younger subjects; 93% in middle‐age subjects; and 94% in older subjects.

Our sample size calculations also reveal the value of directing clinical trials to younger patients with FRDA (Table [13](#acn3332-tbl-0013){ref-type="table-wrap"}; Table S4). Based on a predicted 50% slowing of progression, the needed sample size for all measures and at all assessment years is 30--70% smaller for younger subjects compared to the size required for a cohort without age restrictions. Middle‐age cohorts or cohorts unrestricted by age require similar sample sizes, whereas older cohorts require larger sample sizes. These observations support the notion that disease change is most apparent early in FRDA, while middle‐aged groups and older groups show less substantial change over a 2‐year assessment given the variance in baseline phenotypes in older subjects and the influence of ceiling effects in both the disease biology and standard outcome measures.

###### 

Power calculations in overall cohort and BL age‐stratified cohorts

  Strata          Year 1   Year 2   Year 3   Year 4   Year 5
  --------------- -------- -------- -------- -------- --------
  FARS                                                
  Overall         593      129      65       49       34
  BL age \<16     181      68       35       32       21
  BL age 16--40   1819     128      82       41       32
  BL age \>40     9932     610      109      128      90
  Modified FARS                                       
  Overall         545      141      77       53       37
  BL age \<16     185      78       41       36       24
  BL age 16--40   1290     135      92       42       35
  BL age \>40     18,715   735      184      168      108
  *Z* ~2~                                             
  Overall         326      106      55       48       41
  BL age \<16     198      73       25       26       20
  BL age 16--40   310      75       60       40       36
  BL age \>40     1458     198      132      122      134
  *Z* ~3~                                             
  Overall         545      186      122      88       76
  BL age \<16     203      72       40       33       30
  BL age 16--40   1841     243      171      90       96
  BL age \>40     2424     1030     2971     4007     922

Sample size calculations are based on a one‐sided mean comparison of two independent samples for capturing 50% slowing of disease progression. Mean comparison is based on mean changes and standard deviations listed in Table [9](#acn3332-tbl-0009){ref-type="table-wrap"}. Desired power = 0.80, *α* = 0.05. BL, baseline; FARS, Friedreich\'s Ataxia Rating Scale; *Z* ~2~, *Z*‐score composite of 9HPT^−1^ and T25FW^−1^; *Z* ~3~, *Z*‐score composite of 9HPT^−1^, T25FW^−1^, and vision score.
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Not all of the measurements follow the above patterns. Individual performance measures capture limited dimensions of FRDA and have less sensitivity to change. Performance measure composites are the most sensitive among the measures assessed, but their change also reflects subject age even after accounting for baseline FARS scores. In addition, change in performance measure composites was less consistently linked with GAA1 repeat length. Such differences appear in clinical trials in which the FARS has identified a response not noted with performance measures. More subjective measures such as disability score and ADL score followed the same pattern as the FARS, modified FARS, and performance measure composites. However, in clinical trials, their use is confounded by their subjectivity and ordinal response features. These measures thus are less likely to be sensitive in clinical trials.

In this study, baseline FARS score predicted speed of progression. While this could reflect a natural slowing of disease progression with time, it also could reflect ceiling effects of the FARS. Analogous effects were noted in performance measure composites and in other cohorts.[11](#acn3332-bib-0011){ref-type="ref"} Still, the nonlinearity of change is only noted in this large cohort followed for multiple years. While it may be minimized by making comparisons between groups at similar FARS or disability scores, it is likely to be a modest confounder to short studies.

One of the most difficult aspects of rare disease research is the selection of a cohort that is representative of the larger disease population and readily retained for long‐term natural history studies. Difficulties in retention arise from disease progression, difficulty of travel (from the rarity of FRDA), and limited financial resources. In this study, the return rate was lower than desired. However, demographic features of the cohort changed little over time, showing that the findings are unlikely to represent selection bias. Interestingly, over time, the cohort slightly increased in the amount of cardiomyopathy, scoliosis, and diabetes. The cohort studied here is similar to the European Friedreich Ataxia cohort (638 GAA repeats, vs. 648 in the European cohort; 11). Several differences are evident; the present cohort is younger and has an earlier onset age compared to the European cohort (mean age of 32 years, age of onset 15.7 years). If younger subjects are the best targets, such small differences might be important. Still, the cohorts are generally similar in demographics; it will be important to compare the longitudinal progression of that group when available.

Sex and testing site predicted some outcome measures in cross‐sectional analysis. Sex predicted 9HPT scores, consistent with previous studies on other ataxias.[17](#acn3332-bib-0017){ref-type="ref"}, [18](#acn3332-bib-0018){ref-type="ref"} Testing site predicted FARS and Modified FARS scores, vision, and T25FW. While the variance across testing sites could reflect observer bias, effects of individual sites were also found on performance measures with written scripts. Site‐specific cohorts differ substantially in terms of cohort size, age, distance and exertion of travel from home to clinic, level of affectation, and genetic background. These factors, rather than observer bias, may be the main contributors to site‐related differences. Using mean distance traveled as a substitute did not replicate the effect of site, showing that it is not simply the travel producing this effect. As race/ethnicity did not have any effect, it is not likely to contribute to relevant genetic differences.

In conclusion, the present data along with the previous data on the present cohort and others provide a detailed natural history of neurologic change in FRDA. This should prove useful for future design of clinical trials and investigations of quality of life, genetic variability, and effects of demographics on outcomes in this disorder.
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